Introduction 41
The retina provides a convenient model to analyze the role of transcription factors in 42 orchestrating neural determination, which ultimately guides neural migration, differentiation, and 43 connectivity (for review see Reese, 2011 ). Here we focus on the starburst amacrine cells 44 (SBACs), a well-defined neural population that is easily recognized as the only cholinergic 45 neurons in the retina (Masland and Mills 1979) . Mirror symmetric ON and OFF populations of 46
SBACs are distinguished by the localization of their somata in the ganglion cell layer (GCL) or 47 5 dislocation immediately following enucleation. Retinas were isolated and maintained under dim 107 red or infra-red illumination for all subsequent procedures. 108
Immunofluorescence and single cell injections 109
For immunolabeling studies, mice were given a lethal injection of sodium pentobarbital, and 110 then intracardially perfused using 2-3 ml of physiological saline followed by 50 ml of 4% 111 paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2 at 20 o C). Eyes were removed and 112 fixed by immersion for an additional 15 mins. Whole retinas were dissected from the eyes and 113 then immunostained using antibodies to choline acetyltransferase (ChAT; 1:50; Millipore, 114 #AB144P) and to Sox2 (1:200; Abcam, #AB97959), all as previously described (Whitney et al., 115 2014 ). For single cell injections, whole retinas were dissected from deeply anesthetized mice 116 and then fixed by immersion in the same fixative for 20 mins. Single starburst amacrine cells 117
were impaled with a micropipette filled with Alexa 546 dye in order to label the dendritic arbor, 118 then retinas were subsequently immunostained for the presence of ChAT to reveal the ON and 119
OFF starburst plexuses, all as previously described (Whitney et al., 2014) . 120
Electrophysiology 121 Whole-cell patch recordings from SBAC somata, targeted due to their small spherical somata 122 and lack of action potentials, were performed with borosilicate glass electrodes with a resistance 123 of 4-8 MΩ. Electrodes were filled with an intracellular solution containing (in mM): 128 methane 124 sulfonate, 6 CsCl, 10 Na-HEPES, 1 EGTA, 2 Mg-ATP, 1 Na-GTP, 5 phosphocreatine, 3 QX-125 314, and 0.1 spermine. The pH was adjusted to 7.4 with CsOH. Reagents were obtained from 126 Sigma-Aldrich (St Louis, MO, USA) unless otherwise indicated. To improve voltage-clamp at 127 positive potentials, potassium was replaced by caesium in order to suppress current through 128 voltage-gated potassium channels. Voltages were adjusted by -10 mV to correct for the liquid 129 junction potential. 130 6 segments. Percentage contrast was defined as = 100 ( − ) ( ) the stimulus and background intensities, respectively. The contrast of all stimuli was 80%. The 140 retina was adapted to photopic levels by setting the screen intensity to 141
∼10
5 photons μm -2 s -1 throughout the experiment. Center-surround sizes in Figure 3 were 142 measured by recording responses to stimulus spots with a range of diameters. The amplitude of 143 the current responses as a function of spot diameter were fitted with a difference-of-Gaussians, 144 to estimate the center and surround extents (Rodieck 1965) . Light-evoked excitatory and 145 inhibitory synaptic conductances were estimated from the current-voltage relations of the net 146 light-evoked postsynaptic currents, as described previously (Borg-Graham 2001; Taylor and 147 Vaney 2002; van Wyk et al. 2006; Venkataramani and Taylor 2010) . 148
EPSC analysis 149
Data analysis and figure preparation were performed with custom procedures in Igor Pro 150 (Wavemetrics, Tigard, OR, USA). Excitatory inputs were recorded by holding at the chloride 151 reversal potential (-70 mV). The power spectral density (PSD, Figure 5B ) functions were 152 calculated from 96 seconds of data in 6 Sox2-WT and 126 seconds of data in 6 Sox2-CKO 153 cells. The PSD was calculated from the Fourier transform of the current records using routines 154 implemented in the Igor Pro software. Fourier transforms were performed on multiple 1.5 s 155 segments of continuous baseline current. The PSDs were calculated from the Fourier 156 transforms for each cell, and then averaged across cells to produce the data in Figure 5 . 157
The same data used for the power spectral density analysis was analyzed to detect 158 spontaneous excitatory postsynaptic currents (sEPSCs). sEPSCs were isolated in a two-step 159 process. First, the large, slow fluctuations in the membrane current, particularly prominent in the 160 wild-type cells, were removed by high-pass filtering (e.g. see Fig. 5A black versus grey). Second 161 the fast sEPSCs were identified as events that crossed a negative threshold of -15 pA in the 162 filtered trace (see Fig. 5A SBACs were more difficult to find in Sox2-CKO retinas as their somata were smaller than in 174
Sox2-WT retinas (Whitney et al., 2014) , making them harder to distinguish from other non-175 spiking, amacrine cells. Cells were confirmed to be SBACs based on the dendritic morphology 176 revealed by filling the cells with fluorescent dye (Alexa) during the recordings. As previously 177 described (Whitney et al. 2014) , such filled cells frequently show a less radially symmetric 178 dendritic field ( Fig. 2A, B) , with a variable proportion of the dendritic arbor mis-positioned to the 179 outer portion of the inner plexiform layer. Figure 2C and D (top) show the boxed region 180 indicated in Fig. 2A Previous anatomical analysis has shown that the stratification of ON SBACs in Sox2-206 CKO mice is disrupted, with asymmetric ON and OFF arbors, however, the total area enclosing 207 both dendritic arbors is similar to that seen for the ON arbors in normal mice (Whitney et al., 208 2014) . The area-response curves illustrated in Figure 3B ,D allowed us to compare the 209 physiological receptive field sizes calculated from the EPSCs. In wild-type cells, the ON-210 response elicited by the onset of a bright spot (Fig 3B, left) , or the termination of a dark spot (Fig  211   3D , left), could be fit by a difference-of-Gaussians ( the membrane current that were not evident in the Sox2-CKO cells (Fig 5A) . We quantified this 237 difference by measuring the power spectral density in 6 Sox2-WT and 6 Sox2-CKO cells (Fig.  238 5B). The power at low frequencies was lower in the Sox2-CKO recordings consistent with the 239 loss of the slow fluctuations observed in the raw data. In addition to the slow fluctuations, rapid 240 spontaneous EPSCs were evident in both Sox2-WT and Sox2-CKO cells. In order to examine 241 these events in more detail, we isolated them using a threshold-crossing criterion (see 242
Methods). The Sox2-WT data was high-pass filtered to remove the slow fluctuations and allow 243 isolation of the rapid events. For each threshold crossing time, we excised a 200 ms segment 244 from the original current record and added it to the average. The resulting average spontaneous 245 EPSCs (sEPSCs) are shown in Figure 5C for Sox2-WT and Sox2-CKO cells. The time-courses 246 of the fast events detected by the threshold crossing were measured as the time-constants for 247 exponential fits to the decay phases of the sEPSCs in Figure 5C the Sox2-CKO cells (Fig. 3) . The shift from sustained to more transient excitatory inputs was 309 echoed in the analysis of the spontaneous excitatory currents observed in the absence of light-310 stimulation. Background spontaneous activity has been documented in SBACs from rabbit 311 (Taylor and Wässle 1995; Peters and Masland 1996) and mouse (Petit-Jacques et al. 2005; 312 Vlasits et al. 2014) . Both species display fast sEPSCs along with slower fluctuations in the 313 inward current, in line with the current results (Fig. 5 ). Our analysis of fast sEPSCs reveals for 314 the first time that these fast sEPSCs are temporally correlated with slower spontaneous 315 fluctuations in the membrane current (Fig. 5C ). After filtering out the slow current fluctuations 316 (compare black and grey traces Fig. 5A ), and thresholding to detect fast sEPSCs (Fig. 5A,  317 right), we generated the average fast sEPSC by averaging epochs from the original unfiltered 318 records. If the fast and slow currents were uncorrelated, the average fast sEPSC should have 319 appeared on a flat baseline with an inward current offset equal to the mean membrane current 320 over the analyzed data. Instead the average fast sEPSC revealed the presence of temporally 321 correlated slower EPSC-like current fluctuations (Fig. 5C ). It remains unclear whether there are 322 tightly correlated fast and slow glutamate release processes, or a single process with complex 323 kinetics. In any case, using identical analysis procedures, the slow component was not seen in 324 the Sox2-CKO cells (Fig. 5 red) , suggesting a fundamental difference in the properties in 325 excitatory synapses in these retinas. A comparison of other studies in mouse suggests that the 326 balance between sustained and transient excitation to SBACs can vary considerably, from 327 mostly transient EPSCs (Petit-Jacques and Bloomfield 2008; Hoggarth et al. 2015) , to a more 328 balanced mix of transient and sustained (Vlasits et al. 2014; Stincic et al. 2016 ), similar to the 329 current data. The reasons for these differences in time-course remain unclear. It is possible that 330 the same underlying mechanisms are activated but to different extents due to differences in 331 adaptation state or stimulus conditions. It is also interesting to note that the light-evoked OFF-332
EPSCs that appear in the Sox2-CKO cells are activated at the onset of a dark-spot, but not at 333 the termination of a bright-spot (Fig. 3, solid red In contrast to the excitatory input, the amplitude of the inhibition appeared to be similar in 361 the Sox2-WT and Sox2-CKO cells (Fig. 4) . Moreover, the area-response analysis revealed the 362 presence of surround-suppression of excitatory inputs to Sox2-CKO cells (Taylor and Wässle 363 1995) . The spatial extent and strength of the surround also appeared to be relatively normal in 364 the Sox2-CKO cells (Fig. 3B, scaled red) . These results suggest that both the feed-forward 365 inhibition onto the SBACs, and the inhibitory connections onto the bipolar cells presynaptic to 366 the SBACs are intact and functioning fairly normally. Altogether, the results indicate pronounced 367 
Figure legends

